Analyses of microbial communities are made possible by the isolation of metagenomic DNA from environmental sources. Direct access to all the genomes present in a sample enables a more complete study of microbial diversity and the discovery of native species and genes. Low biomass samples from nitrate and heavy metal contaminated soils yield DNA amounts, which have limited use for direct, native analysis and screening. A whole genome amplification method was validated, and used to amplify the genomes from environmental, contaminated, subsurface sediments. By first amplifying the gDNA, biodiversity analysis, and genomic DNA library construction of microbes found in contaminated soils were made possible. Whole genome amplification of metagenomic DNA offers access to genomic information from very minute microbial sources.
INTRODUCTION
Terminal electron accepting (TEA) processes (e.g. oxygen, nitrate, iron(III), sulfate, carbon dioxide) have been found increasingly to play a critical and enabling role 2 in nearly all biogeochemical processes in the subsurface (Koenigsberg et al. 2005; Hazen and Tabak, 2005) . This has led to the realization that natural attenuation and bioremediation of metals, radionuclides, and organic contaminants cannot be effectively applied at many sites until we have a better understanding of the physiology, ecology and phylogeny of microbial communities at contaminated sites 10, 24, 36 . However, the success of many monitored natural attenuation and bioremediation approaches largely depends on our understanding of regulatory mechanisms and cellular responses to different environmental factors affecting the contaminant degradation or metal reduction activity in situ. Microorganisms are often exposed to multiple stress conditions in situ, and the microbial community structure is most likely affected by many different abiotic and biotic variables in a non-linear fashion 37 . Given the extreme stresses and TEA limitations that the microbial community is under at these contaminated sites an accurate assessment of the microbial community structure and the ecogenomics is critical (Koenigsberg et al. 2005) Despite the dominance of microorganisms in the biosphere, relatively little is known about the majority of environmental microorganisms, largely because of their resistance to culture under standard laboratory conditions 38 . As such, alternative approaches are required to access the large amount of information in the environmental metagenome. Environmental sequencing projects targeted at 16S ribosomal RNA are a popular method to assess phylogenetic diversity of uncultured organisms 3, 17, 21 . Cloning and sequencing of PCR amplified functional genes from environmental samples are also powerful tools for investigating the ecology and role of microorganisms 4, 12, 25 . More recently, direct sequencing of environmental genomic DNA has furthered our 3 understanding of the metabolic potential of microorganisms occupying various environmental niches. Sequencing efforts include individual large-insert bacterial artificial chromosome (BAC) clones, small-insert libraries made directly from environmental DNA, and high-throughput shotgun sequencing which provides a global view of the environmental community 12, 14, 23, 26, 32, 34, 35 . These techniques have advanced our understanding of the types of microorganisms and biodegradation/biotransformation capabilities found in various habitats.
To understand how biogeochemical processes affect microbial community structure and bioremediation, the U.S. Department of Energy's (DOE) Natural and
Accelerated Bioremediation Research (NABIR) program has established a Field
Research Center (FRC) on the DOE Oak Ridge Reservation (http://www.esd.ornl.gov/nabirfrc/) in eastern Tennessee. The FRC is heavily contaminated with nitrate, heavy metals, radionuclides and halogenated organics 37 .
Characterization of indigenous subsurface microbial populations from this site has mainly focused on microbes collected from from groundwater 18, 37 or following biostimulation 17, 21 . However, it is recognized that the planktonic microbial population in groundwater may not be representative of the active population residing as biofilms on sediment surfaces (Haglund et al 2002) . In fact the biofilm mode of growth confers resistance to environmental stresses such as heavy metals (Teitzel and Parsek, 2003) .
Extremely low cell densities in combination with high clay content and heavy metal/radionuclide contamination generally inhibit many standard molecular approaches including shotgun and BAC library generation. Isolation of DNA for library construction is complicated and would require large quantities of subsurface material. The current 4 minimum of DNA to construct a library used for shotgun sequencing is around 0.5-4 µg of DNA which can be obtained from a minimum of 0.5 g of microbial rich material 33 . In low biomass subsurface environments with cell densities as low as 10 4 per gram, 11-88 kg of sediment would be required assuming an average cell contains 4.5 fg DNA.
Considering the quantity of DNA needed for BAC library construction is 20 fold greater, it is clear that current approaches are not viable for such low biomass environments.
One technique used for molecular surveys of microorganisms from environmental samples is to amplify DNA by polymerase chain reaction (PCR) using primers to highly conserved positions in specific rRNA genes 9, 14 . However, low cell count environments often do not yield enough DNA for PCR 21 . In addition, DNA amplification by PCR is inherently biased because not all rRNA genes amplify with the same "universal primers", reducing the effectiveness of this approach to survey such environments by a broad shotgun sequencing. Therefore, new methods are required to combine environmental whole genome amplification (WGA) with library construction for metagenome analyses of low cell density environments.
Here we report the construction of whole-genome amplified environmental libraries for biodiversity assessment of low biomass contaminated subsurface sediment cores.
MATERIAL AND METHODS
DNA amplification. Genomic DNA (gDNA) was amplified by Multiple Displacement Amplification (MDA) using the GenomiPhi DNA Amplification Kit (Amersham Biosciences, Piscataway, New Jersey). Amplification was carried out 5 according to the protocol with a modification in reaction incubation time. One l of template was added to 9 l of sample buffer and heated to 95°C for 3 min to denature the template DNA. The sample was cooled and mixed with 9 l of reaction buffer and 1 l of enzyme mix, and incubated at 30°C for 3 to 6 h. After amplification the DNA polymerase was heat-inactivated during a 10 min incubation at 65°C. Each sample was amplified in triplicate. The three MDA reaction products per sample were then combined before further processing.
GeneChip analysis. MDA genome coverage was analyzed using the Affymetrix E. coli genome GeneChip array (Affymetrix, Inc., Santa Clara, Calif.). The chip contains 7231 probe sets spanning the entire Escherichia coli genome. The E. coli strain used was XL1-Blue MR (Stratagene, La Jolla, Calif.). Genomic DNA extracted from an overnight E. coli culture was used as a positive control (approx how many cells?). This was compared to MDA products amplified from gDNA extracted from two dilutions of the culture (5000 and five cells). Cell culture concentration was estimated by a spectrophotometer reading (OD 600) and serial dilutions were made to 5000 and five cells. Aliquots of the dilutions were grown on solid agar plates to verify cell counts. The gDNA was extracted from the overnight culture and the dilutions by first encasing the cells in agarose, then completing the extractions as described above. The three sets of DNA were concentrated by ethanol precipitation and fragmented with DNase I (0.6 U per µg of genomic DNA) at 37°C for 10 min. After inactivating DNase I at 100°C for 10 min, the fragmented DNA was end-labeled with biotin-ddATP and hybridized to the E.
coli genome array using Affymetrix standard protocols for RNA. The probe array was scanned twice and the intensities were averaged with a GeneArray Scanner (Hewlett-6 Packard, Palo Alto, CA). Scanned images were processed and quantified using GeneChip Suite 5.0 (Affymetrix).
The data were normalized by setting the mean hybridization signal for each sample equal to 100. The absolute call represents a qualitative indication of whether or not a transcript is detected within a sample. These calls are determined using the following metrics: 1) the ratio of the number of positive probe pairs to the number of negative probe pairs (known as the Positive/Negative Ratio), 2) the fraction of positive probe pairs (Positive Fraction), and 3) the average across the probe set of each probe pair's log ratio of positive intensity over negative intensity (Log Average Ratio) 16 .
Amplification and analysis of mixed isolates. Eight isolates with fully sequenced genomes were chosen to represent a range of genome sizes (2.5Mb to 8.7Mb) and G/C content (32% to 72% Of the nine contaminated samples, the following three were analyzed in more detail: a) FB075, Area 3, which is adjacent to the west side of the ponds, core segment an Acker Drill Co. Holegator track drill equipped with polyurethane sleeves lining the 8 corer. The cores were anaerobically sealed in argon, shipped on ice within 24 h of sampling, and DNA extractions were done on arrival in a radiation control area at LBNL.
DNA isolation.
Each soil sample was removed from the core sleeve, mixed manually, and 50 g of soil per sample was used for gDNA isolation. High quality, highmolecular-weight DNA was isolated directly from soil samples following separation of cells from the environmental matrix 1, 22, 27, 27, 28, 28 . Highly purified suspensions of microbial consortia were obtained by isopycnic density gradient centrifugation with
Nycodenz. The resulting cell pellet was immobilized in an agarose plug and lysed by enzymatic and chemical digestions 30 . The isolated gDNA (all of it -how much) was then used directly in the amplification reaction, as described above.
16S rRNA gene analysis. Bacterial 16S rRNA genes were amplified from the MDA DNA products using the universal primers 8F (5'-AGAGTTTGATCCTGGCTCAG-3') and 1492R (5'-GGTTACCTTGTTACGACTT-3') and the Roche Expand Long Template PCR system (Roche Applied Science, Indianapolis, IN). 16S clone libraries were generated using the TOPO TA Cloning kit (Invitrogen, Carlsbad, CA). Sequencing was performed using an Applied Biosystems 3730xl DNA analyzer (Applied Biosystems, Foster City, CA) and the individual clone reads assembled using Sequencher (Gene Codes Corporation, Ann Arbor, MI).
The assembled sequences were checked for potential chimeric artifacts using the COG analysis. COG functional assignment of proteins predicted from DNA sequences from different genomic libraries was done using the genomic DNA sequences to blast against COG database from http://string.embl.de/, which covers 26,201 protein families, using BLASTX. Filtering criteria are set to get rid of the non-specific blast hits:
1) If the aligned amino acid sequence length is greater or equal to 100 aa, the blast evalue should be less than (10 -9 ), 2) If the aligned amino acid sequence length is greater or equal to 30 aa but less than 100 aa, amino acid percentage of identity should be greater than 30%, and 3) If the aligned amino acid sequence length is less than 30 aa, percentage of identity should be greater than 25%.
The filtered blast results were parsed to associate the COG IDs with the individual genomic DNA sequences using a custom Perl script. In the case of a particular sequence which has multiple hits that belong to different COG classification, we allowed multiple COG assignment only when the bit scores from the 2 nd or 3 rd COG classification were no less than 3-fold different than the bit score from the top COG classification.
RESULTS
GeneChip analysis of E. coli MDA coverage. We also utilized the quantitative information from the GeneChip experiments to assess if there is over-or under-amplification of regions of the gDNA during the MDA reaction. Over-or under-amplification is defined as a detection value greater or less than three times the positive control value. For the 5000 cell amplification, 0.4% of probe set regions was over-amplified, and 0.9 % was under-amplified. For the five-cell amplification, 0.6 percent was over-amplified and 4.6% was under-amplified. The amplification bias appears to be random, with regions of over-or under-amplification distributed across the entire genome. (Table 1) .
Amplification of Mixed
Microbial diversity analysis of the soil libraries. DNA was isolated from soil sample cores according to the described protocol. Three different samples were used for further studies: Samples FB075 (sample 1), FB076 (sample 3), and FB078 (sample 5).
Extractions from sample 1 and sample 3 resulted in DNA concentrations, which were not sufficient to obtain 16S rRNA gene PCR products. The only sample that contained a sufficient level of DNA template for 16S rRNA gene PCR was sample 5 (<5 ng/l). A native 16S rRNA library (native library 5) was constructed from this sample. In addition, the DNA from this sample was amplified by MDA with greater than 6 g DNA yield. A 16S rRNA library was constructed from the amplified product (amplified library 5). The same MDA amplification method was used on the DNA obtained from sample 1 and 3 to successfully yield greater than 6 µg DNA each, even though PCR attempts were negative.
16S rRNA libraries were constructed from these amplified products (amplified library 1, higher species diversity in the amplified library prepared from sample 5 ( Fig.1, Table 2 ).
Rarefaction curves calculated for the 2% distance shows signs of leveling of the number of novel OTUs (species) identified by increasing sequence sampling of sample 3
and especially sample 1. The Chao 1 estimator predicts a minimum number of 24 species (17 to 92 at the 95% confidence interval) for sample 1 and 45 species (33 to 102 at the 95% CI) for sample 3, similar estimates being obtained using ACE ( Table 2 ).
The taxonomic diversity at higher levels is revealed by the phylogenetic trees Table 4) .
DISCUSSION
The economics of sequencing is rapidly changing, due to the improvement of tools for sequencing and assembly. This has provided a significant boost to the field of environmental genomics 15 . Shotgun sequencing provides a wealth of biomarkers that can be used to assess the phylogenetic diversity of a sample with more power than conventional PCR-based rRNA studies allow 35 . In addition, the direct sequencing of environmental samples has provided valuable insights into the lifestyles and metabolic capabilities of uncultured organisms occupying various environmental niches 33 .
Information derived from comparative metagenomic analyses could be used to predict features of the sampled environments such as elemental recycling, conversion of biomass, bioremediation, and stress response 15 . So far however, only environments with relatively high biomass such as biofilms, open ocean water, agricultural soils and forest soils have been studied [32] [33] [34] [35] . Samples with extremely low cell counts such as contaminated subsurface sediment cores are usually not accessible for an environmental sequencing study. A significant, and typically impractical, amount of contaminated sediment would be necessary to isolate enough DNA for traditional library construction, and in the case of radionuclide contaminated soils, would pose the added problem of secondary waste generation. Possible solutions include the development of new methods to decrease the amount of DNA needed for library construction or methods to amplify environmental DNA to obtain enough for library construction. PCR-based methods have been used for whole genome amplification, however they exhibit a high amplification bias and do not amplify genomes in their entirety 5, 13 .
φ 29 DNA polymerase is an enzyme which is widely used for Rolling Circle
Amplification of plasmids and circular DNA templates 6, 8 . The strand displacing enzyme has proof reading activity, is extremely sensitive and has been shown to amplify DNA up to 70kB 2 . This polymerase has also been used for whole genome amplification of bacterial isolates 8, 20 . To evaluate φ 29 DNA polymerase MDA for whole genome amplification from low biomass samples we first performed MDA on as few as five E. It has been demonstrated that core samples obtained from the NABIR site are very low in bacterial cell counts 17 . Most of the microbial diversity studies on samples from these sites have been performed on groundwater or on biostimulated samples 18, 21, 37 .
One study that attempted 16S rRNA PCR from DNA extracts of contaminated sediments was unsuccessful 21 . In the current study, a 16S rRNA gene PCR product from native gDNA was obtained only from one sample out of nine. Therefore, we used this sample to study the bias on microbial diversity introduced through MDA. The comparison of the microbial diversity of the native and amplified 16S rRNA library showed relatively small changes within the taxonomic groups. Distinguishing traditional taxonomic units (e.g. species) based on rRNA gene sequences is controversial (Mircea). Typically, 2-3% difference at the level of SSU rDNA is used to define operational taxonomic units (OTU) equivalent to bacterial species, while 5% could be used to distinguish genera (Mircea).
The rarefaction curves calculation used for these samples revealed a higher proposed species count for the MDA amplified library (149 vs. 88 species). This can be due to a more sensitive amplification of underrepresented species through the MDA process in comparison to the PCR amplification directly from environmental DNA. This might be in agreement with Gonzalez et al. (11) who demonstrated a more effective amplification of species through MDA combined with 16S rRNA specific PCR, versus direct 16S rRNA specific amplification from environmental samples. The differences between the taxonomic groups identified in the two libraries, which occur for groups that have low representation (e.g. alpha proteobacteria, Verrucomicrobia and some of the uncultured groups), may be due to limited sequence sampling, especially for the native DNA library.
The sequence quality of the 16S rRNA amplified library was, in general, good, and there was no evidence for chimera formation introduced through the MDA amplification.
The16S rRNA library from sample 3, while of lower diversity, reveals a relatively even distribution of species across several major phyla, including proteobacteria, actinobacteria, planctomyces, verrucomicrobia and the candidate division OP11. The lower diversity in library 1 compared to library 3 could be explained by the increased depth of sample 1 and differences in the contamination composition. However, we cannot exclude that the extremely low amount of DNA obtained from these samples biases the total number of predicted species. Both Library 1 and Library 3 contain sequences closely related to Pseudomonas synxantha, which is a known reducer of Cr(VI) as well as a hydrocarbon degrader, pointing toward a potential involvement in bioremediation 19, 31 . Overall, our data shows that MDA can be used to obtain enough DNA from low biomass samples to evaluate their microbial diversity. For samples 1 and 3, microbial diversity could be analyzed only after MDA. Trace amounts of DNA template in an environmental sample may not be enough to generate a 16S rRNA gene PCR product, and PCR may also be inhibited by chemical inhibitors found in the soils.
Only after first MDA amplifying the gDNA in the soil samples is PCR possible 11 .
A shotgun sequencing approach was used to further test the quality of the libraries constructed from MDA amplified gDNA. The amplification of environmental DNA through MDA is a very powerful technology. Because the extreme sensitivity of this method is problematic, reactions must be performed under exceptionally clean conditions. In addition, it is important to perform negative control experiments, which help to evaluate potential contamination of the reagents through foreign DNA. The similarity of the COG analysis from Area 3 (Libraries 1 and 3) suggests the environment may influence the "functional" profile of a community, which had been hypothesized previously 33 . The significance of the sensor histidine kinase and twocomponent regulator COGs present in all contaminated sediments examined and their relationship to stress response is being analyzed further. Overall, the sequence analysis demonstrates that MDA introduces some artifacts but allows the creation of libraries for shotgun sequencing from these extremely low biomass-containing samples. Further studies are needed to reveal if it would be possible to contig whole pathways or genomes, although significant information about the environment can be obtained by identifying environment-specific genes 33 . Our limited sequencing analysis of these contaminated environments is not intended to define the soil metagenome, but to give insight to the possibilities provided by WGA using φ29 DNA polymerase. By amplifying the extracted
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DNA from a sample, it is now possible to access the genome information from contaminated environments that was not previously accessible. Downstream analysis could involve functional screening for active clones or sequence-based screening using probes homologous to known genes.
Genomic analyses of uncultured microbes can provide significant insight into the biological properties of individuals within microbial populations 7 . By examining convergent and divergent sets of proteins and regulatory elements, within niches and across niches, we can better understand subsurface mobilization and immobilization of radionuclides and metals. This will help to manipulate, stabilize, and predict long-term stability of these contaminants and their relative risk. Reference List
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